The extracellular-matrix protein laminin forms polymers both in vivo and in vitro. Acidification of pH leads to the formation of an artificial polymer with biomimetic properties, named polylaminin (polyLM). Follicle cells in the thyroid are in close contact with laminin, but their response to this important extracellular signal is still poorly understood. PCCL3 thyroid follicular cells cultured on glass, on regular laminin (LM) or on laminin previously polymerized in acidic pH (polyLM) showed different cell morphologies and propensities to proliferate, as well as differences in the organization of their actin cytoskeleton. On polyLM, cells displayed a typical epithelial morphology and radially organized actin fibers; whereas on LM, they spread irregularly on the substrate, lost cell contacts, and developed thick actin fibers extending through the entire cytoplasm. Iodide uptake decreased similarly in response to both laminin substrates, in comparison to glass. On both the LM and polyLM substrates, the expression of the sodium iodide symporter (NIS) decreased slightly but not significantly. NIS showed dotted immunostaining at the plasma membrane in the cells cultured on glass; on polyLM, NIS was observed mainly in the perinuclear region, and more diffusely throughout the cytoplasm on the LM substrate. Additionally, polyLM specifically favored the maintenance of cell polarity in culture. These findings indicate that PCCL3 cells can discriminate between LM and polyLM and that they respond to the latter by better preserving the phenotype observed in the thyroid tissue.
Introduction
The thyroid gland produces thyroid hormones (triiodothyronine, T3 and thyroxin, T4) and calcitonin in two different cell types, the thyroid follicle cells (TFCs) and the parafollicular or C cells, respectively (De Felice and Di Lauro, 2004) . In the thyroid gland the structural and functional units, called follicles, are embedded in the interfollicular extracellular matrix (ECM) (Capen, 1991) . Although thyroid-stimulating hormone (TSH) is the major regulator of thyroid cell proliferation, differentiation, and function, including iodide uptake (Vassart and Dumont, 1992) , some evidence indicates that ECM components can also affect cell behavior during morphogenesis and malignant transformation (Toda et al., 2001) . For instance, three-dimensional collagen matrices or alginate scaffolds have been shown to induce folliculogenesis (Garbi et al., 1984; Tognella et al., 1999) of normal follicle cells. Cell proliferation and survival have also been demonstrated to depend on contact with ECM proteins such as fibronectin and collagens (Vitale et al., 1997 (Vitale et al., , 1998 Fragman et al., 2006) . Tumorigenesis has been associated with the alteration in expression of ECM components such as fibrillin, thrombospondin-1 or their receptors (TseleniBalafouta et al., 2006; Ghoneim et al., 2008; Nucera et al., 2010) .
In the thyroid gland, the basal side of the follicle cells is in close contact with a specific type of ECM, the basement membrane. The basement membrane consists mainly of laminin, type IV collagen, entactin/nidogen and heparan sulfate proteoglycans (Martin and Timpl, 1987; Yurchenco et al., 2004) , whereas the former provides most of its signaling properties (Miner and Yurchenco, 2004) . Laminins are composed of three different polypeptide chains, termed a, b and c, which in combination will give rise to 18 isoforms (Aumalley et al., 2005; Durbeej, 2010) . The basement membrane of 0303-7207/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mce.2013.05.020 thyroid follicles can express two isoforms, laminin-111 and laminin-211, which are apparently co-localized (Andre et al., 1994) . In an in vitro study, Toda et al. (1995) demonstrated that laminin stimulates the production of triiodothyronine more than other protein substrates such as collagen I, collagen IV and fibronectin. To our knowledge, this is the only study that examined the effect of laminin on normal thyroid cells, although the possibility that laminin plays a role in thyroid tumors has also been investigated. In a rat model of thyroid carcinogenesis, the expression of laminin proved to be inversely correlated with malignant progression (Lu et al., 2000) . In addition, it has been reported that a progressive loss of laminin in the follicle basement membrane occurred upon tumor development in the Wag/Rij rat model of human medullary thyroid carcinoma (Lekmine et al., 1999) .
Laminin forms sheet-like polymers within the basement membrane, and these polymers are thought to convey specific signaling to the contiguous cells (Miner and Yurchenco, 2004) . Freire and Coelho-Sampaio (2000) showed that in acidic pH, laminin underwent polymerization in a cell-free environment independently of the protein concentration. Later, it was demonstrated that these laminin polymers formed in acidic pH (polyLM), were biomimetic in the sense that they exactly reproduced the structure of polymers that are naturally assembled by cells (Barroso et al., 2008) . In the nervous system, polyLM has been shown to provide different cellular responses from those elicited by non-polymerized laminin, both in vitro (Freire et al., 2002) and in vivo (Menezes et al., 2010) .
In view of the paucity of reports assessing the effects of laminin on normal follicle cells and the availability of a newly developed biomimetic tool to study cellular responses to laminin, in the present study we compared the overall morphology, actin fiber organization, cell proliferation and iodide uptake; and analyzed the expression and intracellular distribution of sodium iodide symporter (NIS) in PCCL3 follicle cells. These cells were seeded on uncoated glass coverslips, or on coverslips with laminin or polylaminin. Our data indicated that PCCL3 cells are capable of discriminating between the three substrates, which underscores the importance of the ECM environment for the biology of the thyroid gland.
Materials and methods

PCCL3 cell culture
The Fischer rat thyroid cell line, PCCL3, kindly provided by Dr. Roberto Di Lauro (Stazione Zoologica Anton Dohrn, Naples, Italy), was grown in Ham's F12 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% FBS (Laborclin, Paraná, Brazil), 1 mM non-essential amino acids (Life Technologies, Carlsbad, CA, USA), 10 mM glutamine (Sigma-Aldrich), 100 U/mL penicillin/100 lg/ mL streptomycin (Sigma-Aldrich) and a six-hormone mixture (6H: Sigma-Aldrich) containing insulin (1.3 lM), hydrocortisone (1 lM), transferrin (60 pM), l-glycyl-histidyl-lysine (2.5 lM), somatostatin (6.1 nM), and thyroid-stimulating hormone (TSH: 1 mU/mL), as reported previously (Ambesi-Impiombato et al., 1980; Weiss et al., 1984) . Cells were cultured in a humidified atmosphere of 95% air 5% CO 2 at 37°C. At confluence, cells were detached with 0.25% trypsin/EDTA (Sigma-Aldrich) and replated in new flasks after 1:3 dilution.
Laminin-coated coverslips
Matrices of laminin were prepared as previously described (Freire et al., 2002; Barroso et al., 2008) . Briefly, laminin was diluted to a final concentration of 50 lg/mL in either 20 mM sodium acetate, pH 4 (polyLM) or 20 mM Tris-HCl, pH 7 (LM), both containing 1 mM CaCl 2. Aliquots of 100 lL were placed on pre-washed 13 mm diameter glass coverslips and incubated overnight at 37°C. The coverslips were carefully washed three times with PBS, pH 7.0 and used as a substrate for cell plating.
PCCL3 cell culture on laminin substrates
PCCL3 cells were seeded at a density of 10 5 cells/well on either plain glass coverslips (GL) or coverslips previously coated with LM or polyLM, and placed on 24-well flat-bottom plates. Cells were grown in Ham's F-12 medium, following Coon's modification, supplemented with 5% FBS (Laborclin), and the six-hormone mixture.
Cultures were maintained for 24, 48 and 72 h, and changes in cellular morphology on each substratum were observed by phasecontrast microscopy (Olympus CKX41 microscope) (40Â/0.55 objective lens).
Immunocytochemistry
In order to observe actin distribution, cells grown for 24, 48 or 72 h on each substrate were fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich) plus 4% sucrose in Sorensen's phosphate buffer (0.1 M, pH 7.4) at room temperature for 15 min and washed in 0.01 M phosphate buffer saline (PBS) pH 7.5. After washing, cells were incubated in 50 nM NH 4 Cl in PBS for 30 min, and then permeabilized in 0.1% Triton X-100 in PBS for 30 min. Cells were then incubated for 60 min with Cy3-conjugated phalloidin (1:50; Sigma-Aldrich) at room temperature.
To observe extracellular laminin, cells were seeded on glass coverslips for 3 or 4 days in the absence or in the presence of 1 mU/mL of bovine TSH. Cells were fixed with 4% PFA for 15 min and blocked for non-specific binding with 5% BSA and 10% normal goat serum for 1 h at 37°C. The membrane permeabilization step was not performed. Cells were incubated overnight with anti-rabbit laminin antibody at 4°C (LM; 1:100; Sigma-Aldrich). For visualization of NIS and ZO-1 proteins, PCCL3 cells cultured on the different substrates for 72 h were fixed with PFA for 15 min, washed with PBS, and incubated in 50 nM NH 4 Cl. Then the cells were incubated for 30 min with a solution of 5% BSA plus 0.1% gelatin in PBS. After permeabilization, PCCL3 cells were incubated overnight with a rabbit anti-NIS polyclonal antibody at 4°C (the anti-NIS antibody was a generous gift from Dr. Roberto Di Lauro) or with a rabbit anti-ZO-1 polyclonal antibody (Invitrogen). After the primary antibody reaction, cells were incubated with a fluorescence-conjugated secondary antibody for 2 h in a humidified chamber at room temperature. The secondary antibody was goat anti-rabbit IgG Alexa 546 (Life Technologies). Coverslips were mounted directly on N-propyl gallate and inspected by means of a Zeiss Axiovert 100 microscope. DAPI (4 0 ,6-diamidino-2-phenylindole dilactate; Sigma-Aldrich) was used for nuclear staining. The images in Fig. 4A -I (40Â/0.75 objective lens) were obtained on a Nikon Eclipse E800 microscope coupled to an Evolution VF cooled-color camera (Media Cybernectics), and processed using Q Capture software. Fig. 5A and B (60Â/1.40 oil objective lens) were acquired in a Nikon Eclipse TE300 microscope coupled to a Cool SNAP-Pro color digital camera (Media Cybernetics). Finally, the images in Figs. 7B-D and 8C-K (63Â/1.4 oil objective lens) were taken using a Leica TCS SP5 confocal microscope using LAS AF software. Fig. 8 was processed using the software Imaris (Bitplane AG Imaris 7.2.3, free version), through a deconvolution tool coupled with a surface analysis. In this figure, only nuclei (blue) of images F-H were deconvoluted, whereas in images I-K both stains (anti-ZO and nuclei) were processed by deconvolution. All other images were processed using Image J version 1.45s (Wayne Rasband, USA).
Western blot
PCCL3 cells were plated on laminin-coated coverslips or directly on plain glass coverslips and cultured for 72 h. PCCL3 cells were homogenized in lysis buffer containing 135 mM NaCl, 1 mM MgCl 2 , 2.7 mM KCl, 20 mM Tris, pH 8.0, 1% Triton, 10% glycerol, and protease and phosphatase inhibitors (0.5 mM Na 3 VO 4 , 10 mM NaF, 1 M leupeptin, 1 M pepstatin, 1 M okadaic acid, and 0.2 mM phenylmethylsulfonyl fluoride). After the cells were scraped off the coverslips using a plastic cell scraper, the cell extracts were centrifuged, and the supernatant collected. An aliquot was used to determine the concentration of protein by the BCA protein assay kit (Pierce, Rockford, IL, USA, catalog number 23,227) according to the manufacturer's instructions. Equal amounts of protein (30 lg)
were loaded on 10% SDS-polyacrylamide gel matrix for electrophoresis (SDS-PAGE) as described by Laemmli (1970) and then transferred to PVDF membranes. The proteins immobilized on the membranes were blocked for 1 h at room temperature with 5% nonfat dry milk in Tris buffered saline-Tween 20 solution (0.001% TBS-T). Membranes were then incubated with the primary antibody anti-NIS diluted in TBS-T (1:1000 dilution). After washing 5 times with TBS-T, membranes were incubated with the anti-rabbit peroxidase conjugated antibody (1:5000; Amersham Biosciences, Sunnyvale, CA, USA, diluted in TBS-T), and washed 5 times. The bands were visualized using the ECL plus Western Blotting Detection System (Amersham Biosciences). To verify sample loading, membranes were treated with striping buffer (2% SDS, 100 mM 2-mercaptoethanol, 62.5 mM Tris-HCl, pH 6.7) for 30 min at 50°C, washed 5 times in TBS-T and blocked again as described above. Membranes were incubated with anti-GAPDH antibody (Millipore, Billerica, MA, USA), washed in TBS-T, incubated with peroxidase conjugated antibody and developed as described above. Protein bands were quantified using the software Image J (http:// rsb.info.nih.gov/ij/) with the data obtained from two independent experiments.
MTT assay
As an index of cell viability, we used the commercially available 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to the manufacturer's recommendations (Sigma-Aldrich). This is a colorimetric assay to determine the number of viable cells. The assay is based on the cellular conversion of the tetrazolium salt into a formazan that is soluble in tissue-culture medium, and is measured directly at 570 nm. Absorbance is directly proportional to the number of living cells in culture. To determine the cellular viability, PCCL3 cells were plated on laminin-coated or plain glass coverslips and placed on a 24-well plate. Cells were kept in 6H medium at 37°C in a humidified 5% CO 2 atmosphere for 24, 48 or 72 h. At each time point, cells were stained by incubation with MTT (0.5 mg/mL) for 3 h. After that, cells were lysed using DMSO (P.A.) and the optical density was read at 570 nm with a Benchmark microplate reader (BioRad). The optical density was proportional to the amount of viable cells. All determinations were done in triplicate.
Estimation of apoptotic cells
The annexin V assay for determination of the apoptosis/necrosis ratio was performed according to the manufacturer's recommendations (Apoptosis Detection Kit II from BD Biosciences). PCCL3 cells were plated on laminin-coated or uncoated glass coverslips and placed on a 24-well plate for 48 or 72 h. Subsequently, cells were resuspended in 200 lL of binding buffer containing 5 lL of annexin V FITC and 5 lL propidium iodide for 15 min at room temperature. Annexin V binding was evaluated by flow cytometry (FACScalibur, BD Biosciences), after acquisition of 10,000 events, and the data were analyzed in Cell Quest software.
Iodide uptake
The protocol used for the iodide uptake assay was a modification of the protocol described by Venkataraman et al. (1999) . PCCL3 cells were plated on laminin-coated or plain glass coverslips previously placed on a 24-well plate. Cells were incubated in 3H medium for 72 h at 37°C in 5% CO 2 . After that, PCCL3 cells were incubated for 45 min at 37°C with 1.0 mL Hanks's balanced salt solution (HBSS) containing $0.1 lCi carrier-free Na 125 I and 100 lM NaI. For each experimental condition, some wells received 10 lM KClO 4 , a competitive inhibitor of NIS (sodium iodide symporter), in order to determine the nonspecific radioiodide uptake. After incubation, cells were washed once with ice-cold HBSS, lysed with 0.1 M NaOH, and the radioactivity was measured using a ccounter (Automatic Gamma Counter-1470-WIZARD). Cells cultured and treated in these same conditions were used for normalization of iodide uptake, using the MTT assay as an index of cell viability (Unterholzner et al., 2006) . The specific iodide uptake value was obtained by subtracting the iodide uptake in the presence of KClO 4 from the total uptake normalized for cell viability. The results are expressed as specific units of iodide accumulation relative to the control.
Immunohistochemistry
The thyroid gland was obtained from a 3-month-old female rat. The animal was euthanized in accordance with a protocol approved by the Institutional Animal Care and Use Internal Review Board of the Federal University of Rio de Janeiro (IBCCF-009/ 2008). The thyroid was fixed with 4% paraformaldehyde for 6 h and washed in a gradient of sucrose concentrations (10%, 20% and 30% overnight). Then, the tissue was cryoprotected in TissueTek O.C.T. Compound (Sakura Finetechnical Co., Tokyo, Japan) and frozen in liquid nitrogen. The 7 lm sections were obtained with a Leica CM1850 Cryostat, thaw-mounted, and processed for immunofluorescence. Sections were rinsed with phosphate-buffered saline (PBS) for 30 min at room temperature, and permeabilized with 0.5% Triton X-100 in PBS. Sections were blocked for 1 h at 37°C with 5% bovine serum albumin (BSA) and 10% normal goat serum (NGS), and subsequently incubated overnight with antilaminin antibody (1:100 dilution) at 4°C. Sections were then washed three times with blocking solution and incubated with Alexa 488 secondary antibody (1:300 dilution) for 2 h at room temperature. Nuclei were labeled with DAPI. In order to establish negative controls for the immunofluorescence, the primary antibodies were omitted. Sections were mounted directly on N-propyl gallate, and fluorescence images corresponding to Fig. 8A (25Â/0.80 objective lens) and 8B (63Â/1.4 oil objective lens) were obtained on a LSM 510 Meta Zeiss laser scanning confocal microscope.
Statistical analysis
All data are presented as mean ± standard deviation (mean ± SD). Statistical differences were determined by two-way ANOVA followed by Bonferroni post-test to compare replicates for the cell viability experiments; and one-way ANOVA variance followed by Tukey's multiple comparison test for uptake activity of radioiodide. In all cases, p < 0.05 was used as the statistical standard to determine significant differences, in at least four different experiments.
Results
Laminin substrates modulate the morphology and spreading of PCCL3 cells
In order to evaluate their overall response to the substrates, PCCL3 cells were cultured for 24, 48 or 72 h on glass coverslips either uncoated (glass), coated with polylaminin (polyLM), or coated with laminin (LM) diluted in neutral buffer (Fig. 1) . At 24 h, cells were either round or polygonal and little spread both on glass and on polyLM (Fig. 1A and D) , while at 48 and 72 h, they were more spread out and had acquired the flat and regular morphology typical of epithelial cells (Fig. 1B, C, E and F) . In contrast, most PCCL3 cells seeded on LM spread more extensively at all time points and showed irregular contours ( Fig. 1G-I) . In order to confirm the qualitative differences observed in Fig. 1 , cell spreading was quantified by measuring the area occupied by cells in each condition. On LM, cell spreading was between 1.5 and 3-fold wider than on glass or polyLM (Fig. 2) .
We next sought to establish if the different substrates would produce differences in cell viability. The MTT assay showed that viable cells increased over time but independently of the substrate (Fig. 3A) . The only statistically significant difference was detected between LM and polyLM at 72 h, whereas the latter had a slightly higher optical density (p < 0.05). Since the MTT assay detects the redox potential of all mitochondria in the cell culture and since cells cultured on LM were relatively larger, we considered that differences in cell number could have been underestimated by the MTT assay. To directly assess the number of cells in the culture, we detached them from the substrate and counted them directly in a Neubauer chamber. At all time points, the number of cells was substantially lower on LM than on the other substrates (Fig. 3B ). In addition, because of the differences observed in the cell viability and cell number between the two laminin substrates, we wished to rule out the possibility that LM exerted a pro-apoptotic effect on these cells. Therefore, we analyzed the rate of apoptosis in the PCCL3 cell culture by annexin/propidium iodide staining for 48 and 72 h. There was no statistically significant difference in the level of PCCL3 cell apoptosis when the two laminin substrates were compared with each other or with the uncoated glass surface (Supplementary figure). C, F, J) . Cells on glass and on polyLM maintained a typical epithelial morphology at all culture times, whereas on LM they tended to spread farther. Scale bar = 100 lm. ÃÃ p < 0.01; ÃÃÃ p < 0.001.
Laminin substrates induce reorganization of the actin cytoskeleton in PCCL3 cells
The overall organization of the actin cytoskeleton of PCCL3 cells was analyzed using fluorescently labeled phalloidin. Fig. 4 shows that polymerized actin could be detected in PCCL3 cells growing on all three substrates. As early as 24 h, phalloidin labeling was visible in cells cultured on all substrates; however, on glass this labeling was not necessarily associated with distinguishable fibers. In some regions, especially at 72 h, F-actin tended to form isolated aggregates (white arrows in Fig. 4C ). On polyLM, abundant fibers were seen, mostly located in the perinuclear area (green arrows in Fig. 4E ) and in the cortical region of the cells (yellow arrows in Fig. 4F ). Conversely, LM induced formation of slightly thicker actin bundles than those seen on polyLM (Fig. 4G-I) . The LM-induced fibers resembled stress fibers, as they were longer and expanded across the whole extent of the cytoplasm (asterisks in Fig. 4H  and I ). In addition, cells on LM on some occasions exhibited concave segments of the plasma membrane at the interface between neighboring cells, suggestive of a reduced competence in establishing cell-cell contacts (white arrows in Fig. 5B ). This feature was not observed in PCCL3 cells seeded either on polyLM (Fig. 5A ) or on glass (data not shown), which exhibited continuous borders.
Iodide uptake by PCCL3 cells decreases on both laminin substrates
In order to investigate a possible effect of laminin on thyroid cell function, we measured the iodide uptake by PCCL3 cells plated on different substrates. In experiments for immunocytochemistry, we cultured PCCL3 cells on the laminin substrates previously polymerized on glass coverslips. Because plastic has been conventionally used as a substrate for cell culture, this may be considered as a culture surface pattern for testing radioactive iodide uptake for various lineages of follicular cells, including PCCL3 cells. Therefore, at the beginning of our study we performed several experiments to compare the effect of polystyrene and glass surfaces on iodide uptake by PCCL3 cells, and we could perceive no difference between the two surfaces (results not shown). Hence, we always used glass coverslips as a control for our experiments. As seen in Fig. 6 , both laminin substrates decreased iodide uptake, by approximately 50%. Since iodide transport into PCCL3 cells is carried out by the Na/I symporter (NIS) located exclusively at the basolateral pole of the cell, we inferred that the uptake inhibition caused by laminin was a consequence of the maintenance of cell polarity in vitro. In this case, attachment to laminin would restrict the access of iodide to its transporter, which is located in the same basolateral region engaged in laminin binding (De La Vieja et al., 2000; Dohan et al., 2003; Riesco-Eizaguirre and Santisteban, 2006) .
Laminin substrates do not change the expression of sodium/iodide symporter (NIS) in PCCL3 cells
Iodide is transported across the basolateral membrane of thyroid follicular cells by NIS, an integral plasma membrane glycoprotein that plays an essential role in thyroid physiology (Dai et al., 1996) . As we observed that radioactive iodide uptake decreased significantly in PCCL3 cells cultured on the two laminin substrates, we next investigated whether the two substrates would be able to regulate NIS expression by these cells. NIS expression was analyzed by Western blotting in cells cultured on the substrates in the presence of TSH. Our data showed no difference in NIS expression between the groups (Fig. 7A) . Densitometry of the three experiments showed a slight decrease in LM and polyLM, but it was not statistically significant (data not shown).
PolyLM and LM modulate the distribution of the NIS protein in PCCL3 cells
The slight decrease in the expression of NIS protein induced by laminin substrates in PCCL3 cells was not consistent with the marked decrease in the uptake of radioactive iodide exhibited by cells growing on the two substrates, which led us to ask if laminin could also influence the intracellular distribution of NIS. Thus, we next analyzed by immunofluorescence the location of NIS in the cells cultured for 72 h on either substrate, in the presence of TSH. PCCL3 cells grown directly on glass exhibited a punctate NIS immunostaining, mainly in the cell membrane (white arrows, Fig. 7B ). When the cells were grown on polyLM, the immunostaining was intracytoplasmatic, forming protein agglomerates located in the perinuclear region (green arrows , Fig. 7C) ; while on LM, it was generally more diffuse in the cytoplasm (yellow arrows, Fig. 7D ). Our negative control was performed by incubating the cells with the secondary antibody only, omitting the primary antibody. No immunoreactivity was observed in this condition (data not shown).
PolyLM preserves the polarity of PCCL3 cells in vitro
Next we investigated the distribution of LM secreted by cells. Initially, we examined the distribution of LM in histological sections of thyroid gland. Analysis by confocal microscopy showed that LM was present as a thin continuous layer exclusively in the region corresponding to the follicle basement membrane (Fig. 8A  and B) . In the sections, it was clear that LM did not accumulate between neighboring cells. On the other hand, when PCCL3 cells growing in culture were analyzed, LM deposits were observed both at the basal pole and at the interface between neighboring cells (Fig. 8C-E) . Overlaid z-stacks revealed that the height of LM deposits varied on each substrate. On uncoated glass, LM staining extended to the top of the cells (Fig. 8C) ; whereas on polyLM it remained confined to the basolateral region of the cells (red staining stopped below nuclei; Fig. 8D ). On LM, the full extent of the intercellular contact was stained (red staining of laminin extended beyond the blue staining of the nuclei; Fig. 8E ). Additionally, we evaluated the immunodistribution of ZO-1 protein, in the cells cultured on laminin substrates for 72 h. This protein is present in the tight junctions of the apical portion of neighboring epithelial cells, and is also present in thyroid follicular cells, causing cell polarization. Although on the uncoated glass surface, ZO-1 had a dialing in the cell membrane of neighboring cells, it was also present in the cytoplasm, mainly in the perinuclear region of the cells (Fig. 8F) . Interestingly, on polyLM the cells exhibited a more uniform immunostaining in the cell membrane at contact points between neighboring cells, giving them a polygonal contour (Fig. 8G) . Surprisingly, on LM the ZO-1 immunostaining was predominantly intracytoplasmatic (Fig. 8H) . The overlay of z-stacks revealed that staining for ZO-1 was restricted to the apical cell membrane of cells maintained on polyLM (Fig. 8J) . In contrast, staining was observed throughout the cells cultured on both glass and LM (Figs. 8I and K, respectively) . These results indicate that polyLM induced polarity in PCCL3 cells in culture, at least with respect to the distribution of synthesized LM and in the location of the ZO-1 protein. The secretion and the pattern of organization of extracellular LM were evaluated in more detail in monolayer cultures of PCCL3 cells. LM secreted into the extracellular space by PCCL3 cells in the presence of TSH showed two different patterns of distribution, which could be noted in different fields on the same coverslips (Fig. 9 ). In the first pattern, LM secreted by the PCCL3 cells showed a regular distribution, with a delicate reticular arrangement (Fig. 9B) . In contrast, in some regions LM showed a more fibrillar organization (Fig. 9C) . Finally, in other regions we observed that secreted LM adopted a dot-like appearance (Fig. 9D) intermingled with regions where the pattern of fibrillar organization prevailed. The cultures grown in the absence of TSH did not show any differences in the amount of LM secreted by PCCL3 cells, nor in its organization in the extracellular space (data not shown).
Discussion
The main objective of the present study was to investigate whether LM and polyLM would be recognized differently by the rat thyroid cell line PCCL3. Our results showed that on polyLM, PCCL3 cells assumed the typical polygonal appearance of epithelial cells, spreading in a regular arrangement on the substrate and organizing actin fibers at the nuclear periphery. In addition, they showed LM deposits only at the basolateral pole, which suggests that cell polarity was maintained. In contrast, PCCL3 cells cultured on LM were spread broadly over the substrate and they assembled thicker actin bundles, which resembled stress fibers. Moreover, on LM the contact interface between neighboring cells was reduced and polarity decreased. Based on these results, we suggest that polyLM is more efficient than LM in preserving the original phenotype of thyroid cells, which corroborates previous studies demonstrating that polyLM displays biomimetic features with respect both to neural cell morphology (Barroso et al., 2008) and to its signaling properties (Freire et al., 2002) .
It has been recently shown that induction of endoplasmic reticulum stress in PCCL3 cells leads them to initiate a dedifferentiation program (Ulianich et al., 2008) . In this case, cells dramatically lose cell-cell contacts, adopt a more spread profile, and change their actin fibers from a cortical distribution to a typical stress-fiber arrangement. Similar changes were triggered here when the cells were plated on LM, which suggests that this matrix can promote a return of cells to a less differentiated state. The fact that there was less proliferation on LM than on polyLM or glass is apparently not in line with the idea of a retrocession in the degree of differentiation on LM. Nevertheless, we believe that, in our model, proliferation is actually arrested by contact inhibition, which occurs earlier on LM simply because the cells become larger when plated on this matrix (see Fig. 2 ).
The LM matrix is assembled by the deposition/adsorption of LM onto a glass surface, while the protein is dissolved in buffer at neutral pH. Conversely to what occurs in acidic conditions, at pH 7 interactions between two long arms of LM are possible (Barroso et al., 2008) . Since the long arm is exactly the region of the LM molecule involved with recognition by most integrins (Miner and Yurchenco, 2004) , its commitment to the polymer array in LM will reduce the availability of binding sites that can be simultaneously recognized by integrins. This in turn will negatively modulate integrin clustering on the cell membrane (Berrier and Yamada, 2007) . 
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I uptake by PCCL3 cells. Cells were cultured on glass, polyLM or LM for 72 h, and the radioiodine uptake was measured. Both LM and polyLM substrates induced a decrease in iodide uptake. Values are expressed as means ± SD of four independent experiments. ÃÃÃ p < 0.001. The polyLM mesh is formed exclusively by interactions between the short arms, leaving the long arms fully available to interact with integrins. In this condition, more integrins will simultaneously engage in LM binding, which should provide a more effective signal to preserve the features of thyroid cells in culture as in the follicle. LM in vitro polymerization at pH 4 produces a flat network, in which regular polygons can be distinguished; while at pH 7, the LM substrate consists mainly of large aggregates, protruding from the surface of the coverslip (Freire et al., 2002) . In nature, LM matrices have a structure similar to that of the substrates obtained in vitro by manipulating the solution pH. For example, it has been reported that at the periphery of a newborn rat immature retina, LM is organized in a polygonal pattern, whereas LM deposited at the center is organized in aggregates protruding from the retinal surface, a morphology more compatible with the artificial LM matrix produced at neutral pH (Freire et al., 2002) . The organization of LM in flat polygonal arrays has also been observed on the surface of cultured myotubes, Schwann cells, and on embryoid bodies (Colognato et al., 1999; Lohikangas et al., 2001; Tsiper and Yurchenco, 2002) . This means that the artificial substrate obtained at low pH is indeed structurally similar to some cell-assembled LM polymers.
In our study, we also analyzed the pattern of LM distribution in the normal thyroid gland of an adult rat. Immunostaining for LM revealed a thin and continuous lamina at the periphery of thyroid follicles, as well as in the basement membrane of blood capillaries that surround the follicles. These results are in agreement with the findings of others who worked with human thyroid gland (Miettinem and Virtanen, 1984; Campo et al., 1992) . In vitro studies have also shown that laminin-111 or laminin-211 (merosin) is synthesized by primary cultures of thyroid cells. In addition, an extracellular material similar to a basement membrane is present at the basal surface of follicular structures when thyroid cells are cultured under appropriate conditions (Garbi and Wollman, 1982 ; On polyLM the staining remained in close contact with the surface of the coverslip, concentrating at the interface between neighboring cells and not exceeding the height of the cell nuclei (D). On the other hand, on LM, the deposits were bulkier and extended higher than the cell nuclei (E). The ZO-1 protein was distributed in the cell membrane and cytoplasm of the cells cultured on glass (F); while it was seen mainly in the cell membrane of cells growing on polyLM (G), and intracytoplasmically in the cells cultured on LM (H). The overlay of z-stacks shows a side view of ZO-1 distribution in PCCL3 cells cultured on glass, polyLM and LM (I, J and K, respectively). Scale bar = 5 lm (A), 25 lm (B-E), 20 lm (F-H), 15 lm (I-K). Wadeleux et al., 1985; Andre et al., 1994; Bürgi-Saville, 1997) . Here, we also observed PCCL3 cell LM deposition in the extracellular space. Two patterns of organization were found: reticulate and fibrillar. Notably, the removal of TSH apparently had no effects, either on the amount of LM produced and secreted by PCCL3 cells, or in the way that it was organized in the extracellular space (data not shown). Exogenous LM is assembled into separate basement membrane and fibrillar matrices in Schwann cells (Tsiper and Yurchenco, 2002) . Tsiper and Yurchenco found that a densely arranged reticular matrix was accompanied by a redistribution of cell-surface dystroglycan and cytoskeletal utrophin into matrixreceptor-cytoskeletal complexes. On the other hand, the fibrillar matrix accumulated in separate zones was associated with preexisting b1-integrin arrays. Finally, it has also been shown that whereas neuritogenesis-permissive astrocytes derived from rat embryonic brain produced a flat matrix that remained associated with the cell surface, astrocytes derived from newborn brain secreted a matrix of LM resembling a fibrillar web that protruded from the cell plane (Freire et al., 2004) . These authors suggested that the expression of negative lipids on astrocytes could control the extracellular polymerization of LM, and consequently could favor neuritogenesis during development. The question of how acidification of the solution pH can control LM self-assembly is not completely answered. In this regard, it has been postulated that the acidification of bulk pH could simulate a condition in vivo, in which the accumulation of negative electric charges on the external surface of cell membranes would lead to a net decrease in local pH (Freire et al., 2002) .
We speculate whether acid-induced polymerization of LM molecules could also occur in pathological conditions such as in solid tumors. Robust tumor growth requires the presence of a local vascular network that supplies both oxygen and nutrients to tumor cells. However, a highly proliferative mass of tumor cells develops faster than the vasculature, and tumor cells rapidly enter an avascular oxygen-deficient (hypoxic) environment (Brahimi-Horn et al., 2007) . Hypoxic tumors show an extracellular pH lower than that of the corresponding normal tissue (Cardone et al., 2005) . The decrease in the extracellular pH is generated by the increased production of carbonic and lactic acids (as a consequence of a modification in the metabolism of tumor cells, in particular that of glucose), and is exacerbated by the limiting vasculature (Brahimi-Horn et al., 2007) . Perhaps in these special conditions, local changes in pH could induce the polymerization of a LM network that is not contiguous with the cell surface.
In addition to its role in cell adhesion, LM is also involved in signaling for cell differentiation . PCCL3 cells are an established thyroid epithelial cell line derived from adult Fisher rats, which retain in vitro most of the features of differentiated thyroid cells such as dependence on TSH for proliferation and functioning, thyroglobulin synthesis and secretion, and the ability to trap iodide from the medium (Fusco et al., 1987) . We showed here that the two LM matrices decrease the ability of PCCL3 cells to capture radioactive iodide in the presence of TSH, compared to cells cultured directly on glass. Our data differ from the results obtained using cortical neurons derived from embryonic rats, in which polyLM favored neuritogenesis, which can be considered as a marker of neuronal functional differentiation (Freire et al., 2002) . On the other hand, our findings concord with those of Toda et al. (1995) , which showed that LM, although stimulating the production of triiodothyronine (T3) more than other protein substrates, promoted a marked inhibition of T3 synthesis compared to that occurring on plastic.
In order to explain the mechanism by which LM substrates inhibited PCCL3 cell radioiodine uptake in the presence of TSH, we analyzed the NIS expression and intracellular distribution. Both LM substrates induced a slight decrease of NIS expression, distributed predominantly intracytoplasmatically; in contrast, in cells grown directly on glass the NIS was mainly concentrated in the cell membrane, with a discontinuous dial. This finding could partly explain the decrease of radioiodine uptake by PCCL3 cells plated on both LM substrates in comparison with the glass. It is well known that iodine is transported across the basolateral membrane of the thyroid follicular cell by NIS activity (Dai et al., 1996) . The mechanisms regulating the subcellular distribution of NIS and its function have been only partially elucidated, although NIS has several consensus sites for kinases, including protein kinase A and protein kinase C (Dohan et al., 2003) . It is also known that TSH increases iodide accumulation by positively regulating NIS expression at the protein and mRNA levels via the cAMP pathway (Weiss et al., 1984) . In FRTL-5 cells, withdrawal of TSH results in a decrease of intracellular cAMP concentration and iodide uptake (Weiss et al., 1984) . Addition of TSH increases NIS mRNA and protein expression, and subsequently restores iodide uptake. TSH might also regulate NIS activity by post-translational mechanisms, since in the presence of TSH, NIS is active and inserted at the basolateral membrane of thyrocytes; upon TSH withdrawal, the NIS protein half-life decreases from 5 to 3 days, and it is suggested that the protein translocates from the plasma membrane into intracellular compartments (Riedel et al., 2001) .
The results presented here show for the first time the role of LM, not only in the regulation of follicular cell morphology, viability and proliferation, but also in the modulation of NIS expression and subcellular distribution. Additional studies will be necessary to understand the meaning of this regulation in the physiological context of the thyroid gland, and also to understand the role of the local microenviroment in the development of glandular tumors in which radioiodine uptake is decreased. In this regard, LM and polyLM may become helpful tools for future studies aiming at modeling the genesis of thyroid cancer. 
